Toxic compounds are part of the natural environment, and resistance to a wide range of cytotoxic compounds is a common phenomenon in most organisms (37, 38, 58, 59) . One strategy for resistance is the use of multidrug transport systems to remove a variety of deleterious compounds in an energy-dependent process which decreases their concentrations inside the cell (50, 58, 59) .
Several families of multidrug efflux pumps can be distinguished on the basis of their structure and properties (50, 59) . One of them is the resistance-nodulation-division (RND) family, found in Pseudomonas aeruginosa, Escherichia coli, and other microorganisms (15, 23, 27, 30-33, 39, 48, 50, 59) . These efflux pumps contribute to clinically relevant antibiotic resistance and to the removal of organic solvents, dyes, detergents, and heavy metals (50, 59) . They consist of three components: an inner membrane translocase efflux protein, an inner membrane-anchored periplasmic lipoprotein, and an outer membrane protein that spans the periplasm and forms a channel (18, 24) . Examples of such pumps are AcrAB-TolC in E. coli (31, 32) , MexAB-OprM in P. aeruginosa (39, 55, 56) , and TtgABC in Pseudomonas putida (43) .
P. putida DOT-T1E is characterized by its innate resistance to toluene (it can grow in the presence of 1% [vol/vol] toluene) and p-hydroxybenzoate (4HBA) (it tolerates up to 30 g/liter). Although tolerance to these compounds also involves changes that reduce permeability to the drugs (19, 51) , it is now clear that several RND efflux pumps play a critical role in tolerance to these chemicals. For example, three efflux pumps of the RND family contribute to tolerance to toluene (35, 43, 44, 47) . Two of these pumps also expel antibiotics (27) .
The ionophore carbonylcyanide 4-trifluoromethoxyphenylhydrazone (FCCP) compromises the removal of drugs by RND efflux pumps, which suggests that the energy required for the process is provided by coupling with the proton motive force across the inner membrane (45, 50, 57) . However, the molecular basis for this coupling is unknown. To shed light on this process, we searched for mutants with increased susceptibility to different drugs and which were affected in a gene that codes for a protein that was not a component of the efflux machinery. After mini-Tn5 mutagenesis, we isolated a P. putida DOT-T1E mutant susceptible to 4HBA and antibiotics as well as to toluene. The mutation affects the energy-transducing TonB system of the solvent-tolerant strain.
MATERIALS AND METHODS
Bacterial strains and plasmids. The bacterial strains and plasmids used in this study are listed in Table 1 .
Culture media and growth conditions. E. coli strains were grown on LuriaBertani (LB) medium. P. putida cells were grown on LB medium or on modified M9 minimal medium (1) with glucose (0.5%, wt/vol). When iron-limited conditions were required, MB2 minimal iron-deficient medium (13) was used. To limit the amount of available iron, we added 3 g of the iron chelator ethylenediamine-di(o-hydroxyphenylacetic acid (EDDHA) per ml. Cultures of P. putida and E. coli were incubated at 30 and at 37°C, respectively, with shaking at 200 strokes per min in a Kühner rotary incubator.
The antibiotics used were as follows: ampicillin (100 g/ml), chloramphenicol (30 g/ml), kanamycin (50 g/ml), piperacillin (100 g/ml), rifampin (20 g/ml), and tetracycline (10 g/ml).
Assays to test the susceptibilities of P. putida DOT-T1E and its mutants to drugs. The effect of 4HBA on the growth of P. putida DOT-T1E and its mutants was analyzed on double-diffusion plates as follows: M9 minimal medium agar plates containing 0.5%, wt/vol, glucose and a linear gradient (0 to 20 g/liter) of 4HBA were prepared by the double-diffusion technique (52) . Two hundred microliters of an exponential-growth-phase culture (turbidity at 660 nm between 0.8 and 1 U) was spread on plates and incubated for 36 h at 30°C. The inhibitory concentration of the test compound was the lowest concentration that prevented cell growth.
To test tolerance of P. putida to 4HBA in liquid medium, 30 ml of M9 minimal medium with glucose containing between 0 and 20 g of 4HBA per liter was inoculated with 0.3 ml of an overnight bacterial culture. Growth was then determined by counting the number of CFU per milliliter of culture.
The halo inhibition test was used to investigate susceptibility to antibiotics. Antibiotics were supplied on 6-mm-diameter disks at the following concentra-tions: ciprofloxacin (5 g), cefotaxime (30 g), and imipenem (10 g). The disks were laid on M9 minimal medium agar plates (with glucose as the C source) that have been spread with 200 l of an overnight culture. Plates were incubated for 24 h at 30°C, and the inhibition halo was measured.
Sudden toluene shock assays were done as described by Ramos et al. (43) . Briefly, P. putida DOT-T1E and its mutants were cultured in LB medium with toluene supplied or not supplied through the gas phase. When the culture reached the mid-log phase (turbidity around 0.8 at 660 nm), toluene to reach 0.3% (vol/vol) was added. The number of CFU per ml before and after addition of toluene was determined.
14 C accumulation assays. The incorporation of [ 14 C]toluene was studied in mid-log-phase cells (turbidity at 660 nm, ϳ0.8) grown in LB medium and preexposed or not preexposed to toluene supplied via the gas phase. Cells were harvested by centrifugation, washed in LB medium, and then suspended in 4 ml of LB medium to a turbidity at 660 nm of about 3. The cells were then incubated for 10 min at 30°C with shaking, and 4 Ci of [
14 C]-toluene (120 Ci/mol) was added to reach a sublethal toluene concentration of 0.075% (vol/vol). Aliquots of 400 l were withdrawn at intervals, filtered through Millipore type HA 0.45-mpore-size filters, and washed with 1 ml of LB medium.
14 C associated with cell material was measured with a scintillation counter (Packard Radiometer). For study of the incorporation of [ 14 C]4HBA, cells were grown on M9 minimal medium with 0.5% (wt/vol) glucose as the C source in the absence and in the presence of 5 mM 4HBA. Cells were treated as described above for toluene assays, except that we added 1.5 Ci of [ 14 C]4HBA (specific activity, 11.5 mCi/ mmol) and filters were washed with 5 mM 4HBA-supplemented M9 medium.
Alkaline phosphatase assays. Alkaline phosphatase activity was determined as described before (19) .
Recombinant DNA techniques and analysis. Preparation of chromosomal and plasmid DNA, DNA digestion with restriction endonucleases, and agarose gel electrophoresis were done by standard methods (3, 49) . Electrotransformation of E. coli or P. putida cells, prepared according to the method of Cornish et al. (9) , was done with a Gene Pulser apparatus according to the instruction manual. Southern blotting was done as reported by Sambrook et al. (49) using DNA probes amplified by PCR in a Gene Amp PCR 2400 system with appropriate primers and labeled with digoxigenin-dUTP. Both strands of DNA were sequenced by the dideoxy sequencing method, using an ABIPrism dRhodamine terminator kit (Applied Biosystems).
RNA preparation and RT-PCR. We isolated total RNA from P. putida DOT-T1E according to the RNEasy protocol (Qiagen, GmbH). Reverse transcription (RT)-PCR assays were done with the Titan One Tube RT-PCR System. We used the pairs of primers I (5Ј-AAGGCACAGGTGTCCGAT-3Ј) and II (5Ј-CAGC AGCACCAGCATCAC-3Ј) and III (5Ј-GATTACGGCGACCTGATG-3Ј) and IV (5Ј-TACCGACCAGTTGAGCGT-3Ј) to determine the contiguity of mRNA that contained the exbB-exbD and exbD-tonB genes.
Isolation of 4HBA-sensitive Tn5phoA mutants of P. putida DOT-T1E. Matings involving P. putida DOT-T1E as the recipient, E. coli CC118pir (pUT/ mini-Tn5-ЈphoA, pRK600) as the donor, and HB101 (pRK600) as the helper strain were done as described previously (11) . We obtained about 2,000 Tn5 transconjugants, of which about 15% of the kanamycin-resistant (Km r ) clones appeared as blue colonies on M9 minimal medium plates with glucose and supplemented with 100 g of 5-bromo-4-chloro-3-indolylphosphate per ml. This process guaranteed that no auxotrophic mutants were selected. The blue Km r transconjugants were tested for their ability to grow on the same minimal medium but with 6 g of 4HBA per liter. One of them, which we called P. putida DOT-T1E-PhoA5, failed to grow under such conditions and was selected for further assays.
Cloning of the mutation in P. putida DOT-T1E-PhoA5 and analysis of the surrounding DNA sequence. To determine the site of insertion of mini-Tn5-ЈphoA-Km r in the mutant DOT-T1E-PhoA5, total DNA was digested with SphI. This enzyme cuts 5Ј with respect to the Km r gene within the phoA-Km r cassette (46) , so that DNA downstream from the kanamycin marker can be recovered after ligation to pUC18 DNA as Km r colonies. Ten micrograms of the SphIdigested total DNA from the P. putida DOT-T1E-PhoA5 mutant was ligated to the unique SphI site of pUC18. Km r clones were selected after transformation in E. coli DH5␣FЈ cells. This yielded plasmid pAT2 containing an SphI insert of about 6 kb (1.7 kb corresponding to the kanamycin cassette and 4.3 kb of Pseudomonas chromosomal DNA). The P. putida DNA was sequenced by using the M13 universal primer and a primer located at the end of the mini-Tn5 transposon. Both strands were subsequently sequenced with primers designed on the basis of the obtained sequence.
Rescue of wild-type P. putida DOT-T1E genes from a gene bank. A P. putida DOT-T1E chromosomal library prepared in pUC18 after digestion with PstI was used to rescue wild-type genes after colony-screening hybridization with appropriate gene probes as described before (12) .
Computer analysis. Open reading frames (ORFs) in the DNA sequences were predicted using the DNA Strider 1.1 program. To detect amino acid sequence similarities in sequences deposited at GenBank, we used the BLAST program (2) .
Nucleotide sequence accession number. The nucleotide sequence corresponding to the P. putida DOT-T1E chromosomal fragment that contained the exbBD tonB operon has been deposited in GenBank under accession number AF315582.
RESULTS
Isolation and physiological characterization of a phoA mutant of P. putida DOT-T1E with altered sensitivity to 4HBA. We generated mini-Tn5-ЈphoA insertion mutants of P. putida DOT-T1E. About 300 Km r PhoA ϩ transconjugants were tested for increased sensitivity to 4HBA, cefotaxime, ciprofloxacin, imipenem, and toluene. A single mutant, DOT-T1E-PhoA5, consistently showed increased sensitivity to these drugs.
For example, on double-diffusion solid M9 minimal medium with 0.5% (wt/vol) glucose and a 4HBA gradient between 0 and 20 g/liter, the mutant strain grew only at a concentration of 4HBA below 6 g/liter, in contrast with the wild type, which grew well up to concentrations of about 15 to 17 g/liter.
We also tested the effect of 4HBA on cells growing exponentially in liquid M9 minimal medium with glucose. When the cell density of the culture was around 8 Ϯ 1 ϫ 10 7 CFU/ml, the culture was split into three aliquots to which 4HBA was added to 0, 9, and 12 g/liter. For the wild-type strain (Fig. 1A) , 9 g of 4HBA per liter delayed growth by about 5 h, after which growth ensued and the cultures reached a high cell density. With 12 g of 4HBA per liter, the number of CFU per milliliter initially decreased and only after 24 h did growth resume. For the mutant strain (Fig. 1B) , 9 and 12 g of 4HBA per liter blocked growth and viability declined after 30 h of incubation (Fig. 1B) .
We tested the susceptibility of P. putida DOT-T1E and DOT-T1E-PhoA5 to cefotaxime, ciprofloxacin, and imipenem. Both strains were sensitive to these antibiotics; however, the inhibition halo produced by the mutant strain was about twofold larger than that for the wild type (12, 14, and 26 mm for ciprofloxacine, cefotaxime, and imipenem, respectively).
We studied the tolerance of P. putida DOT-T1E and its mutant DOT-T1E-PhoA5 to organic solvents in liquid LB medium. Exponentially growing cells were exposed to the following solvents (partition coefficient in an octanol-water mixture [log P ow ]) at 0.3% (vol/vol): propylbenzene (log P ow ϭ 3.6), p-xylene (log P ow ϭ 3.0), and toluene (log P ow ϭ 2.5). Except for toluene, to which the mutant was sensitive, both strains tolerated these solvents, as shown by a turbidity above 1.5 in all cases after 24 h of incubation (data not shown).
Previous studies have shown that preadaptation to toluene supplied via the vapor phase plays a key role in toluene tolerance in P. putida DOT-T1E (43, 45) . Sudden exposure of (nonpreexposed) wild-type cells to toluene led to a marked loss of viability (5 orders of magnitude), whereas about 50 to 90% of the preexposed cells tolerated the shock (Fig. 2A) . The DOT-T1E-PhoA5 mutant strain was more sensitive than the wild type to toluene shock, and the number of CFU per milliliter after the toluene shock was below our detection limit (10 FIG. 1. Response of P. putida DOT-T1E and DOT-T1E-PhoA5 to sudden 4HBA shock. Wild-type (A) and mutant (B) cells were pregrown overnight on M9 minimal medium with glucose and then diluted 50-fold in the same medium. Four hours later the cultures were split into three aliquots to which 0 (E), 9 (F), or 12 (OE) g of 4HBA per liter was added. At the indicated times, the number of viable cells was determined by spreading serial dilutions on M9 minimal medium with glucose as the sole C source. The figure shows the results of a representative assay chosen from among five independent assays. FIG. 2. Short-term survival after toluene shock in DOT-T1E (A), DOT-T1E-PhoA5 (B), and DOT-T1E-PhoA5(pPAT7) (C) cells. Bacterial cells were pregrown overnight on minimal medium with glucose as the sole C source. The cultures were then diluted 50-fold in the same medium in the absence (circles) and in the presence (triangles) of toluene supplied via the gas phase. When cultures reached a turbidity of about 1, they were split into halves, one of which was challenged with 0.3% (vol/vol) toluene (solid symbols) and the other of which was kept as a control (open symbols). At the indicated times, the numbers of CFU per milliliter were determined. The results are averages of the results of three independent assays, with standard deviations being in the range of 5% of the given values. CFU/ml) (Fig. 2B) . Because we saw no growth after incubation overnight, we surmised that no viable cells were left after the shock. The viability of cells of P. putida DOT-T1E-PhoA5 preexposed to toluene was seriously compromised upon sudden toluene shock, and only about 1 in 10 6 cells survived (Fig.  2B) . The survival of the DOT-T1E-PhoA5 mutant following toluene shock was similar to that reported for mutants of this strain lacking either the ttgABC or the ttgGHI toluene efflux pump (43, 47) .
The mini-Tn5 insertion in DOT-T1E-PhoA5 did not result in major outer membrane damage but led to nonfunctional efflux pumps. We previously generated an OprL mutant of P. putida with an altered outer membrane surface that leaked periplasmic proteins and which was more sensitive than the parental strain to toluene and antibiotics (45) . To determine if the above phenotypic characteristics of P. putida DOT-T1E-PhoA5 were due to general damage in the outer membrane, we analyzed preparations of wild-type and DOT-T1E-PhoA5 cells under scanning electron microscopy. Both the wild-type and the mutant cells had a smooth surface, and no obvious differences were observed (not shown). We also transformed DOT-T1E and DOT-T1E-PhoA5 with plasmid pJB3-Tc19, which produces periplasmic ␤-lactamase, and used Western blotting to determine whether ␤-lactamase was released to the culture medium (30) . No ␤-lactamase was found in the culture supernatants of the wild type or the mutant strains (not shown). These results suggested that the increased sensitivity of DOT-T1E-PhoA5 to certain drugs was not the result of general defects in the outer membrane.
We then tested whether functioning of the efflux pumps for toluene and 4HBA extrusion was compromised in the DOT-T1E-PhoA5 strain. The physiological characterization of DOT-T1E-PhoA5 revealed that this strain cannot use 4HBA as the sole C source. For this reason, in the assays with 4HBA we used as a control strain DOT-T1E-PobA (45), a mutant unable to metabolize 4HBA. In the assays with toluene we used a DOT-T1E derivative, DOT-T1E⌬todC (36), unable to metabolize toluene. P. putida cells were grown in the absence of aromatic compounds or in the presence of sublethal concentrations of 4HBA (5 mM) or toluene (supplied via the gas phase). We found that, regardless of the growth conditions, accumulation of toluene in DOT-T1E-PhoA5 took place at a higher rate than in the control DOT-T1E-⌬todC strain (Fig. 3) . This was particularly evident with preinduced cells: while the level of toluene in control cells remained relatively stable, the toluene concentration in the DOT-T1E-PhoA5 cells increased steadily with time. The DOT-T1E-PhoA5 mutant also accumulated higher amounts of [ 14 C]4HBA than did the control strain: 200 nmol per U of cell turbidity per min for the mutant strain versus about 15 nmol per U of cell turbidity per min in the control strain. These results suggest that the functioning of the extrusion system was impaired in the mutant DOT-T1E-PhoA5 strain.
Site of the mutation in P. putida DOT-T1E-PhoA5. DNA carrying the mutation in P. putida DOT-T1E-PhoA5 was cloned in pPAT2 as described in Materials and Methods. Plasmid pPAT2 bore a 6-kb insert containing the Km r gene and a 4.3-kb P. putida sequence downstream from the mini-Tn5 transposon. Sequence analysis revealed that the site of insertion was an ORF that encoded a protein homologous to the ExbD protein of P. putida WCS358 ( Table 2 ). The 4.5-kb NotI/SphI fragment of pPAT2 was used as a probe against total DNA from P. putida DOT-T1E digested with different restriction enzymes. A unique 4-kb PstI fragment that hybridized in Southern blotting was cloned into pUC18 to generate plasmid pPAT5, which was used to sequence the DNA flanking exbD.
Analysis of the DNA revealed three ORFs of 963, 429, and 732 bp. All three ORFs started with an ATG and were preceded by potential ribosome-binding AGGA sequences (36) . Hybridization of each of the ORFs (amplified with appropriate primers) against total chromosomal DNA revealed a single band in each case, suggesting that P. putida DOT-T1E has single copies of the exbB, exbD, and tonB genes. Blast analysis of the gene cluster against the genome sequence of P. putida KT2440, a strain closely related to DOT-T1E, revealed a single   FIG. 3 . Accumulation of toluene in P. putida DOT-T1E-⌬todC and DOT-T1E-PhoA5. P. putida DOT-T1E-⌬todC (circles) and DOT-T1E-PhoA5 (triangles) cells were grown in LB medium in the absence (open symbols) or presence (filled symbols) of toluene supplied in the gas phase. Cells were then treated as described under Materials and Methods. Shown are the results of a representative assay chosen from among three independent assays. a Detected with the BLOSUM50 matrix at the ALIGN Query, using sequence data on the GENESTREAM network server, IGH, Montpellier, France (http: //vega.igh.cnrs.fr/bin/lalign-guess.cgi). Numbers in parentheses are the numbers of amino acids that overlap. copy of each of the genes in the genome of this strain. An extra copy of the tonB allele was found in P. aeruginosa (60) . However, no homologous sequence to this tonB gene was found in the genome of P. putida KT2440. The data bank sequence that showed the most extensive identity (90 to 98%) with these three ORFs was the exbBD tonB cluster of P. putida WCS358 (4). The ExbB, ExbD, and TonB proteins showed a high degree of identity with the corresponding proteins from P. aeruginosa (40, 61) , E. coli K-12 (41), Xanthomonas campestris (54) ( Table 2) , and all other gram-negative bacteria in the database (not shown).
The deduced P. putida DOT-T1E ExbB, ExbD, and TonB proteins were 33.3, 15.4, and 26.1 kDa, respectively. Of the three, ExbD and TonB were similar in size to the proteins reported for other microorganisms (Table 2 ). However, the P. putida DOT-T1E ExbB protein, as in P. putida WCS358, had an extra 90 residues at its amino terminus. The functional significance of this N-terminal extension is unknown, and no homology between this domain and known proteins was identified in the GenBank database.
The exbB, exbD, and tonB genes are likely part of an operon. Sequence analysis suggested that the exbB, exbD, and tonB genes may form an operon based on the close proximity of the end of the exbB gene and the start site of the exbD gene (only 3 bp away) and the overlap between exbD and tonB (Fig. 4A) .
To determine whether the exbB, exbD, and tonB genes in P. putida DOT-T1E could be cotranscribed in a single transcriptional unit, we did amplification assays using RT-PCR and appropriate primers (Fig. 4B) . The results for wild-type P. putida DOT-T1E revealed that exbB and exbD are part of the same transcript as exbD and tonB (Fig. 4B) . In the PhoA5 mutant, a transcript coded by the exbB and exbD genes, but not that coded by exbD and tonB, could be amplified, as expected from the location of mini-Tn5Ј phoA at the 3Ј end of the exbD gene (Fig. 4B) .
Growth of DOT-T1E-PhoA5 was impaired in the presence of the EDDHA iron chelator. The finding that sensitivity to 4HBA, certain antibiotics, and toluene in P. putida DOT-T1E involved the TonB system prompted us to test whether the mutant DOT-T1E-PhoA5 was impaired in iron uptake (8, 16, 21, 25, 26) . We tested whether the presence of the iron chelator EDDHA (used at 8 M) (4, 53) affected growth in MB2 minimal iron-limited medium with glucose (13). The P. putida DOT-T1E wild-type strain grew under these culture conditions, whereas the growth of the DOT-T1E-PhoA5 mutant strain was severely inhibited in the presence of EDDHA (Fig.  5) . Growth was restored when 6 g of Fe-citrate (Fig. 5) or FeCl 3 (not shown) per ml was added to the medium. These results indicated that iron uptake was impaired in the DOT-T1E-PhoA5 mutant strain. We then tested the expression of the exbBD tonB operon by measuring alkaline phosphatase activity in DOT-T1E-PhoA5. In the iron-limited medium, alkaline phosphatase activity was 10-fold higher than in the ironrich medium (not shown). The response of DOT-T1E-PhoA5 to 4HBA was examined on double-diffusion plates containing 10 times as much iron (60 g/ml) as in the previous assay. However, the iron surplus had no effect on the 4HBA tolerance of the mutant or the wild-type strain. We also tested tolerance to sudden toluene shocks in liquid medium and sensitivity to ciprofloxacin, cefotaxime, and imipenem in the halo inhibition disk test with the wild-type and the DOT-T1E-PhoA5 mutant strains with 10 times more iron in the medium. The results obtained were not significantly different from those reported above with lower iron in the medium (not shown). We concluded that iron deficiency was not responsible for the sensitivity of the mutant strain to 4HBA, toluene, and antibiotics.
Complementation of the DOT-T1E-PhoA5 mutant strain with the exbBD tonB cluster. The 4-kb PstI insert in pPAT5, carrying the exbBD tonB cluster of DOT-T1E, was subcloned in the broad-host-range plasmid pJB3-Tc (5) to yield pPAT7. The DOT-T1E-PhoA5 mutant bearing plasmid pPAT7 recovered the ability to tolerate concentrations of 4HBA, ciprofloxacin, cefotaxime, and imipenem similar to those tolerated by the wild type on double-diffusion plates (not shown). The growth rate of the complemented strain in MB2 minimal medium was also similar to that of the wild-type strain (not shown). The pPAT7 plasmid reduced the susceptibility of DOT-T1E-PhoA5 mutant cells (both cells previously exposed to toluene and noninduced cells) to sudden toluene shock (Fig. 2C) . (42); moreover, it is able to tolerate high concentrations of 4HBA and certain antibiotics. Our study shows that insertion of a mini-Tn5Ј phoA transposon within the exbD gene, which probably forms part of an operon with the exbB and tonB genes in this strain, leads to increased susceptibility to these chemicals and deficient iron acquisition. Each of the genes of the exbBD tonB cluster is present in a single copy in the chromosome of P. putida DOT-T1E, which contrasts with the fact that two copies of the tonB gene are present in the genome of P. aeruginosa (60) .
The TonB system is an energy transduction complex that consists of the ExbB, ExbD, and TonB proteins, which deliver energy from the cytoplasmic membrane to the outer membrane (7, 20, 22, 28, 34, 50) . This system was first identified in E. coli, in which bulky nutrients such as siderophores and vitamin B 12 , which exceed the diffusion limit of the outer membrane porins, are imported through high-affinity receptors that translocate them into the periplasm. During this process, a 1,000-fold concentration gradient is established across the outer membrane (6, 7, 10) . Our results showed that the DOT-T1E-PhoA5 mutant was unable to grow in a low-iron medium when the EDDHA chelator was added. This finding supports the hypothesis that the TonB system also participates in iron uptake by P. putida DOT-T1E. The sensitivity of P. putida DOT-T1E-PhoA5 to 4HBA, toluene, ciprofloxacin, cefotaxime, and imipenem was not compromised by impaired iron acquisition, as shown by the fact that, under conditions of excess iron (which did not limit cell growth), the mutant strain was as sensitive to these antibiotics, 4HBA, and toluene as when the assay was done in a low-iron medium. This finding suggests that the mutation in the TonB system is directly or indirectly responsible for the phenotype we observed.
Increased sensitivity to toluene and 4HBA seems to be the result of the limited removal of these aromatic compounds by specific efflux pumps, as suggested by the accumulation of these drugs in cell membranes. In P. putida DOT-T1E, toluene and certain antibiotics are removed through a series of RND efflux pumps that are highly homologous to the MexAB-OprM pump (about 75% identity) (15, 29, 35, 43 44, 47) . Our finding that the mutant strain DOT-T1E-PhoA5 accumulated two-to three-fold as much [ 14 C]-toluene as the solvent-tolerant DOT-T1E-⌬todC strain (Fig. 3) showed that operation of the RND toluene efflux pumps was compromised. Furthermore, although preinduction of efflux pumps in the wild-type strain with low toluene concentrations led to a lower accumulation of [ 14 C]-toluene in the cells, in agreement with previous observations (44) , this did not occur in the mutant strain, indicating impaired operation of the constitutive TtgABC efflux pump and the inducible TtgDEF and TtgGHI pumps. No direct evidence for the involvement of RND efflux pumps in 4HBA tolerance is available at present (45) , but the fact that the DOT-T1E-PhoA5 mutant accumulated 20 times as much [ 14 C]4HBA as the control strain DOT-T1E-PobA suggested that at least one efflux system was involved in the exclusion of this aromatic carboxylic acid and that the operation of this system was compromised in the DOT-T1E-PhoA5 mutant strain. Because toluene is more toxic to cells than 4HBA, it was not surprising that only a doubling of the accumulation of toluene was toxic, whereas for 4HBA to become toxic, the increase in accumulation needed to be 1 order of magnitude higher.
In P. aeruginosa, intrinsic antibiotic resistance is afforded in part by a multidrug efflux pump belonging to the RND family and encoded by the mexAB-oprM operon (14, 29, 33, 40, 41) . In this operon oprM encodes an outer membrane (14, 29, 33, 41) channel-forming protein which is thought to participate in the export of antibiotics across the outer membrane (24, 56) , and the MexA and MexB proteins form part of the translocase complex. A tonB mutant of P. aeruginosa was more susceptible than the wild-type strain to a wide variety of antibiotics (60), a phenotype reminiscent of mutants defective in the mexABoprM antibiotic efflux operon. The increased sensitivity of P. putida DOT-T1E to ciprofloxacin, cefotaxime, and imipenem could be ascribed to impaired efflux of these compounds by RND efflux pumps. In fact, the TtgABC and TtgGHI pumps are able to extrude ␤-lactam antibiotics in addition to solvents (12) .
How might the TonB system participate in the efflux of solvents and other drugs? Studies of the uptake of siderophores have suggested that TonB not only opens the corresponding receptor channel but also helps to dissociate the siderophore receptor complex to allow import (26) . Therefore, TonB seems to behave as a regulating protein that influences the conformation of another protein (26) . In addition, operation of the system requires proper stoichiometry of the ExbB, ExbD, and TonB proteins (41) . Based on these findings several hypotheses might explain the participation of the TonB system in drug exclusion. One is that an imbalance in ExbD production in the DOT-T1E-PhoA5 strain may interfere with the incorporation of inner membrane components of the RND pumps in the cytoplasmic membrane, making the pumps nonfunctional. Another possibility is that members of the RND FIG. 5 . Inhibition of growth of P. putida DOT-T1E and its derivative DOT-T1E-PhoA5 by the iron chelator EDDHA. P. putida DOT-T1E (circles) and the DOT-T1E-PhoA5 mutant strain (triangles) were grown overnight in MB2 minimal iron-deficient medium. Cultures were diluted 50-fold in the same medium supplemented with 3 g of EDDHA (open symbols) per ml or with 6 g of Fe-citrate (filled symbols) per ml. Growth was determined at the indicated times. The figure shows the results of a representative assay chosen from among three independent assays. family of pumps are activated through the TonB system. Any of the elements of the efflux pumps could be the target for the TonB system. Although TonB proteins are generally involved in uptake across the outer membrane, a TonB-like protein identified in Aeromonas hydrophila was suggested to play a role in the energy-dependent export of exotoxin aerolysin (17) . The three-dimensional structure of TolC, which forms part of the AcrAB-TolC pump in E. coli, was recently elucidated (24) . Three TolC proteins assemble to form a continuous, solventaccessible conduct that spans both the outer membrane and the periplasmic space. The periplasmic or proximal end of the tunnel is sealed by sets of coiled helices, and it was suggested that they could be untwisted by an allosteric mechanism mediated by protein-protein interactions (24) . The TonB system may, directly or indirectly, be involved in this type of allosteric mechanism.
